Abstract: From the volume-limited MAIN galaxy sample of the SDSS Data Release 6 (SDSS6), we have identified 1298 compact groups of galaxies (CGs) at the neighbourhood radius of R = 1 2 Mpc by three-dimensional cluster analysis. In order to compile the CG catalog, we also estimated velocity dispersion, virial radius, virial mass and crossing time of CGs. In addition, our results show that properties of galaxies may not correlate with merging frequencies.
Introduction
Compact groups of galaxies (CGs) are small and dense systems composed of several galaxies in the universe. In the clustering hierarchy, they are within an intermediate range between rich clusters and triplets, pairs and individual galaxies [1] [2] [3] [4] . Dissipationless N-body simulations [4] showed that within a single rich collapsing group, compact groups of galaxies form continually. This conclusion gained some support from previous observations [5] [6] [7] [8] [9] [10] . Governato et al. [11] proposed a model in which merging activity in compact groups is accompanied by infall of galaxies from the environment. This naturally explains the observed mix of morphological types, which allows compact groups to persist for longer times. Compact groups play a possible role in the formation of other systems. Hickson [12] indicated that giant galaxies may be formed * E-mail: xinfadeng@163.com as the end product of compact-group evolution. In the review [12] , the formation mechanism and other issues of compact groups were discussed in detail.
The best known catalog of compact groups is that of the Hickson Compact Groups (HCGs; [13] ) which contains 100 groups selected from the red (E) prints of the Palomar Observatory Sky Survey (POSS). Due to its relatively unbiased qualitative criteria, this catalog has been a popular sample for studies of compact groups. Using different criteria and galaxy catalogs, many other catalogs of compact groups have also been compiled and studied [7, 10, [14] [15] [16] [17] [18] [19] [20] [21] [22] .
The use of different methods and different galaxy samples results in rather different catalogs of galaxy groups and clusters.. In recent years, the Sloan Digital Sky Survey (SDSS) commissioning data has been widely used for exploring properties of galaxy groups and clusters. Lee et al. [23] identified compact groups in the SDSS Early Data Release (EDR; [24] ), using a modified version of Hickson's criteria [13] . From the spectroscopic sample of the SDSS Second Data Release (DR2; [25] ), Miller et al. [26] extracted the "C4 Cluster Catalog". The C4 cluster-finding algorithm identified clusters as overdense in a seven-dimensional position and color space. Berlind et al. [27] used a redshift-space friends-of-friends algorithm to identify galaxy groups and clusters in volumelimited samples of the SDSS redshift survey. From the flux-limited Main galaxy sample of the SDSS Data Release 5 [28] , Deng et al. [29] identified a galaxy group catalog using the algorithm of [30] . The aim of this work is to construct a catalog of compact groups from the Main galaxy sample [31] of the SDSS Data Release 6 [32] . Our paper is organized in the follwing sections. Section 2 describes the data to be used. The group identification algorithm is discussed in Section 3 and in Section 4, we present basic properties of compact galaxy groups. Our main results and conclusions are summarized in Section 5.
Data
The SDSS observes galaxies in five photometric bands (u, g, r, i, z) centered at (3540, 4770, 6230, 7630, 9130 Å). York et al. [33] provided the technical summary of the SDSS. The imaging camera was described by Gunn et al. [34] , while the photometric system and the photometric calibration of the SDSS imaging data were roughly described by [35] [36] [37] respectively. Pier et al. [38] described the methods and algorithms involved in the astrometric calibration of the survey, and presented a detailed analysis of the accuracy achieved. Many of the survey properties were discussed in detail in the Early Data Release paper [24] . Galaxy spectroscopic target selection can be implemented by two algorithms. The MAIN Galaxy sample [31] targets galaxies brighter than < 17 77 ( -band apparent Petrosian magnitude). This sample has a median redshift of 0.10 and few galaxies beyond = 0 25, in which most galaxies are within redshift region 0 02 ≤ ≤ 0 2.
In our work, we consider the Main galaxy sample. The data is downloaded from the Catalog Archive Server of SDSS Data Release 6 [32] through the use of SDSS SQL Search (with SDSS flag: bestPrimtarget&64>0) with high-confidence redshifts (Zwarning = 16 and Zstatus = 0, 1 and redshift confidence level: zconf > 0.95) 1 . From this sample, we select 469199 Main galaxies in the redshift region: 0.02 ≤ z ≤ 0.2.
In calculating the distance, we used a cosmological model with a matter density Ω 0 = 0 3, cosmological constant Ω A = 0 7, Hubble's constant H 0 = 100 hkm s The Main galaxy is a flux-limited galaxy sample, in which faint galaxies are not visible at large distances and comoving number density of galaxies drop dramatically with increasing redshift. When we select constant linking lengths for compact group identification, such a selection effect is a major drawback. In order to decrease this selection effect, a simple method is to use a volume limited galaxy sample. The major disadvantage for using this approach, relates to the fact that a large fraction of the data is left redundant or unused. But it has several important advantages: the radial selection function is approximately uniform, thus the only variation in the space density of galaxies with radial distance is due to clustering. Thus, the analysis is more straight forward. The volume-limited sample is defined by choosing a minimum and maximum of absolute magnitude limits. According to the distribution of absolute magnitude for the Main galaxy sample, we choose the maximum absolute magnitude limit M max = −22 40. The absolute magnitude M is calculated from the r-band apparent Petrosian magnitude, using a polynomial fit formula [39] of the K-correction [40] within 0 < < 0.3:
The minimum absolute magnitude limit is defined as the absolute magnitude of a galaxy having -band apparent Petrosian magnitude = 17 77 (the -band apparent Petrosian magnitude limit of the Main galaxy sample) at a redshift limit Z max . Fig. 1 shows the number of galaxies in the volume-limited sample as a function of redshift limit Z max . As seen from this figure, the highest platform is located in the redshift region 0.089 ≤ ≤ 0.12. When constructing a volume-limited sample, two factors are mainly included in the analysis: the luminosity region of the volume-limited sample and the galaxy number of the sample are taken as large as and as many as possible. Thus, we construct a volume-limited sample that extends to Z max =0.089, and limits the absolute magnitude region: -22.40 ≤ M ≤ -20.16, which contains 112889 galaxies.
Selection criteria
Compact groups (CGs) are the densest small systems of galaxies with smaller than 10 members in the universe. Hickson [13] made the first large-scale, systematic searches for CGs in the sky by considering the following criteria:
• N ≥ 4 (population), • θ N ≥ 3 × θ G (isolation), and
where N is the total number of galaxies within 3 magnitudes of the brightest group member,
• µ G is the total magnitude of these galaxies per square arcsec averaged over the smallest circle. containing their geometric centers,
• θ G is the angular diameter of the smallest circle, and
• θ N is the angular diameter of the largest concentric circle that contains no other (external) galaxies.
Using slightly modified Hickson's criteria, Lee et al. [23] extracted 175 CGs from the SDSS. Their criteria are based on the following parameters:
where * is the SDSS -band model magnitude. The above analysis or data considered solely the galaxy angular distribution. These catalogs were actually twodimensional samples in which CGs are considerably contaminated by background/foreground galaxies. When we intend to extract CGs from a catalog of galaxies with redshift (three-dimensional galaxy sample), the above criteria are not quite appropriate. Barton et al. [10] used a different version of the friends-of-friends algorithm, and compiled a catalog of 89 compact groups, based on the combined CfA/SSRS redshift surveys. Galaxies having projected separations where ∆D ≤ 50h
kpc and line-of-sight velocity differences ∆V ≤ 1000 km s −1 are connected and the sets of connected galaxies constitute the groups. Apparently, the velocity selection criterion will greatly decrease the contamination by background/foreground galaxies. Unlike Hickson, Barton et al. [10] did not include isolation and luminosity criteria, and also did not define the minimum number of members of CGs. They only considered the galaxy spatial distribution. By allowing a longer linking length in the radial direction, Barton et al. [10] algorithm successfully accounted for the stretching of groups in the redshift space along the radial directionthe redshift space distortion. But the criterion of radial distance used by Barton et al. [10] is far larger than that of the projected separation. We are not clear how much the proper ratio of the velocity dimension to the projected spatial dimension should be for correcting the redshift-space distortion. This suggests that if the ratio of the criterion of radial distance to that of the projected separation is far larger than the proper ratio for correcting the redshift-space distortion, CGs identified by using such a method are still considerably contaminated by background/foreground galaxies. Some CGs are located at the centers of concentration in groups or clusters. Using the isolation criteria, such CGs may be excluded from the CG catalog. Therefore, like Barton et al. [10] , we do not use the isolation and other criteria, and only consider the galaxy spatial distribution when identifying CGs. In our work, the conventional threedimensional cluster analysis [41] is used. It is actually the friends-of friends algorithm by which the galaxy sample can be separated into individual systems at a given neighbourhood radius R. Starting from one galaxy of the sample, we search all galaxies within a sphere of radius R around it, and call these close galaxies "friends". These "friends" and the starting galaxy are considered to belong to the same system. Around new neighbours, we continue above procedure using the rule "any friend of my friend is my friend". When no more new neighbours or "friends" can be added, then the procedure stops and a system is identified. Apparently, at small radii, most systems are isolated single galaxies while the rest being close double and multiple galaxies. At larger radii, groups and clusters of galaxies and even superclusters will be formed. By selecting different neighbourhood radii, we can probe the structures at different scales. In our work, systems with richness 4 ≤ N < 10 (N is the number of member galaxies in each system) are selected as candidate CGs. In addition, we also identify systems with richness N ≥ 4.
It is important to realize that we do not have any priori defined neighbourhood radius to identify CGs. This forces us to analyse the clustering properties of the galaxy sample in a certain range of neighbourhood radii. Fig. 2 shows the change in the number of candidate CGs and that of systems with richness N ≥ 4 with the growth of neighbourhood radius R. In the neighbourhood radius region: R < 0.6 Mpc, most systems are isolated single galaxies, double and multiple galaxies, the few being candidate CGs. With the growth of neighbourhood radius R, the number of candidate CGs and that of systems with richness N ≥ 4 rapidly increase. In the neighbourhood radius region: R < 1.2 Mpc the number of candidate CGs is close to that of systems with richness N ≥ 4. Apparently, systems with richness N ≥ 4 forming in this neighbourhood radius region are mostly candidate CGs. These candidate CGs may be CGs in the galaxy sample. Because compact groups are often located within the bounds of loose groups and clusters [5] [6] [7] [8] [9] [10] , some CGs will merge into loose groups and clusters when neighbourhood radii continue to increase. In Fig. 2 , we notice that at the neighbourhood radius R ≈ 1.2 Mpc the difference between the number of candidate CGs and that of systems with richness N ≥ 4 begins to become apparent. At the radius R ≈3.0 Mpc, systems at different redshift begin to merge into larger systems, and the number of candidate CGs and that of systems with richness N ≥ 4 start to decrease sharply. Fig. 3 also shows that the galaxy number N of the richest system (it contains the largest number of member galaxies) changes with neighbourhood radius R.
We selected 1298 candidate CGs identified at radius R = 1 2 Mpc as our CG sample which contains 6202 galaxies. The neighbourhood radius R = 1 2 Mpc is apparently smaller than that used by Deng et al. [29] for group identification (R = 1 97 Mpc). The selection of this neighbourhood radius mainly depends on two factors: (1) Most candidate CGs do not merge into loose groups and clusters (When the neighbourhood radius is larger, many candidate CGs will be included into loose groups and clusters). (2) In order to make ideal statistical analyses, we hope that our CG sample is as large as possible. Apparently, in our CG sample, the contamination by background/foreground galaxies is greatly decreased.
Though our algorithm becames three dimensional and thus less subject to the projection effect, it is important to recognize that our algorithm does not take into consideration the redshift space distortion. But as seen from the above analyses, there exists a serious projection effect in previous works. We may face the choice between two effects: the projection effect or the redshift space distortion. Many authors selected the former, while we will select the latter here. Undoubtedly, it is of interest to explore the properties of CGs using independent and different methods. 
Basic properties of CGs
R 50 and R 90 , are the radii enclosing 50% and 90% of the Petrosian flux, respectively. The concentration in-dex = R 90 /R 50 is used to separate early-type (E/S0) galaxies from late-type (Sa/b/c, Irr) galaxies [42] . As is well-known, the galaxy morphology is closely correlated with many other parameters, such as color and concentration index. Naturally, these parameters can be used as the morphology classification tools [42] [43] [44] [45] [46] . The concentration parameter is a good and simple morphological parameter. The study by Nakamura et al. [47] showed that =2.86 separates galaxies at S0/ with a completeness of about 0.82 for both late and early types. Hickson [13] ) explored the morphological type of the brightest group member in each CG and found that the brightest group members show no preference for a particular morphological type. In Fig. 4 , we calculated the early-type fraction of the brightest group members of CGs in different redshift bins (bin ∆ = 0 01), and compared it with that of the volume-limited Main galaxy sample. Fig.  5 also illustrates the fraction of early-type galaxies in different redshift bins for the faintest group members of CGs and the volume-limited Main galaxy sample. As seen from these two figures, the early-type fraction of the brightest group members of CGs in different redshift bins is apparently higher than that of the volume-limited Main galaxy sample, while the early-type fraction of the faintest group members is lower than that of the volume-limited Main galaxy sample. This may be due to the correlation between morphological type and luminosity: the late (early) type fraction decreases (increases) strongly with increasing luminosity [48] [49] [50] [51] . In order to compile the CG catalog, we estimate the ba- sic physical properties of CGs such as velocity dispersion, virial radius, virial mass and crossing time. Apparently, these measurements are heavily influenced by relative values of the linking parameters. Fig. 6 shows the line-ofsight velocity dispersion, the virial radius, the virial mass and crossing time distributions of CGs. The line-of-sight velocity dispersion σ is estimated by:
where N is the number of galaxy members and¯ the mean redshift of the CG. Using the neighbourhood radius R = 1 2 Mpc, we actually select CGs in which the redshift difference between member galaxies is less than 0.001, corresponding to the minimum co-moving radial distance difference ∆D( ) ≈ 4 3 Mpc. Shorter linking length in the radial direction will result in low velocity dispersions of CGs. The mean velocity dispersion (σ = 40 33 kms
) of CGs is much smaller than that of other group catalogs (Table 1 of Merch'an & Zandivarez [22] ), and smaller than that of groups identified by Deng et al. [29] (σ = 71 36 kms ). Due to their high densities and low velocity dispersions, such groups may represent an environment where interactions and galaxy mergers are expected to be more prevalent than in loose groups and clusters. The virial radius is estimated using the following equation: where R is the galaxy projected distances. The virial mass is computed as M V = 3σ 2 R V G , where G is the gravitational constant. The mean of two parameters are respectively:R V = 1 82 Mpc,M V = 2 21 × 10 12 M . The mean virial radius of CGs is smaller than that of groups identified by Deng et al. [29] (R V = 3 51 Mpc), but larger than that of other group catalogs (Table 1 of Merch'an & Zandivarez [22] ). We also note that the mean virial mass of CGs are much smaller than that of other group catalogs (Table 1 of Merch'an & Zandivarez [22] ) and groups identified by Deng et al. [29] (M V = 1 38 × 10 13 M ).
In order to test whether groups are virialized, we compute crossing times of groups and check whether they The crossing time is actually influenced by the relative values of the linking parameters, D 0 (which determines R V ) and V 0 (which determines σ ). The short crossing times are biased towards cylindrical groups which spread out along the line of sight. This seems to correct redshiftspace distortions, but according to the above analysis, it also results in projection effects in three -dimensional space. In addition, Diaferio et al. [56] indicated that the interpretation of the short crossing time may be incorrect.
We compute the unweighted centroid of each CG, which consists of a CG right ascension, declination, and mean redshift. Table 1 Table 1 in the text and Table is available in its entirety in the electronic version of the journal.
In the process of galaxy evolution, galaxy interactions frequently occur that them to play a crucial role in determining galaxy properties, for example, interactions are often implicated in the development of active nuclei in galaxies [60] . Paired galaxies are a group of special and rare galaxies in the universe. In many studies, close paired galaxies can often be defined as interacting and merging galaxies, and are used for studying galaxy interactions. Compact groups, with high galaxy densities, also represent an environment where interactions or galaxy mergers are expected to occur. Zepf [61] estimated that roughly 7% of the galaxies in HCGs are in the process of merging. Lee et al. [23] ' analyses also showed that there is evidence for interactions and/or mergers in SDSS CGs. We infer frequency of interactions in paired galaxy sample should be different from that in CG sample. So, it is of interest to compare basic properties of galaxies in the CG sample with those of paired galaxies.
Using the method of Deng et al. [62] , we extracted 193 galaxy pairs at neighbourhood radius R = 100 kpc from the volume-limited Main galaxy sample. Fig. 7 shows respectively the proportion of early-type galaxies, the mean luminosity of galaxies and the mean size of galaxies in different redshift bins for the CG sample and the galaxy pair sample. The -band R 50 (R 50 ) is selected as the parameter of galaxy size. As seen from this figure, statistical properties of galaxies in the CG sample are almost the same as those in the galaxy pair sample. CGs and close pairs respectively represent environments having different merging frequencies. The above results may show that Figure 7 . Distributions of the mean properties of galaxies in different redshift bins for CGs (dot) and close galaxy pairs (triangle). Error bars represent standard deviation of CGs in each redshift bin (a) the fraction of early-type galaxies, (b) the mean luminosity, (c) the mean size. properties of galaxies have no correlation with merging frequencies.
Summary
According to the clustering properties of galaxy sample, we define a neighbourhood radius R = 1 2 Mpc to identify CGs, and extract 1298 CGs by three-dimensional cluster analysis from the volume-limited MAIN galaxy sample of the SDSS Data Release 6 (SDSS6). In this CG sample, the contamination by background/foreground galaxies is greatly decreased. We estimated velocity dispersion, virial radius, virial mass and crossing time of CGs. Due to the existence of the correlation between morphological type and luminosity, the early-type fraction of the brightest group members is higher, while that of the faintest group members is lower. In Fig. 7 , we notice that statistical properties of galaxies in the CG sample are almost the same as those in the galaxy pair sample. This may indicate that properties of galaxies have no correlation with merging frequencies.
